Phosphate is generally considered to be one of the nutrients for plants which may cause eutrophication of the aquatic environment. In this study, a CeO 2 -functionalized Fe 3 O 4 @SiO 2 coreshell magnetic nanomaterial (denoted as Fe 3 O 4 @SiO 2 -CeO 2 ) was prepared and used as the adsorbent to remove phosphate from water. The adsorbents were characterized by X-ray diffraction, transmission electron microscopy, X-ray photoelectron spectroscopy, and N 2 adsorption/desorption isotherms. Characterization results show that the particle size is around 8.63 nm, Brunauer-Emmett-Teller (BET) surface area is 179.7 m 2 · g À1 and the pore volume is 0.39 cm 3 · g À1 for magnetite Fe 3 O 4 @SiO 2 -CeO 2 . The adsorbents could be rapidly separated under an external magnetic field.
INTRODUCTION
Phosphate is an important nutrient for organism growth, but excessive phosphate in water may cause eutrophication and deterioration of the aquatic environment (Smith et al. ; Mallick ) . Phosphate can be released from municipal wastewater, agricultural fertilizers, and effluents from chemical and mineral processing industries. Additionally, more stringent legislation has limited wastewater phosphate discharge to between 0.5-1.0 mg · l À1 (Ugurlu & Salman ) . Hence there is a high demand for the development of effective treatment methods to eliminate phosphate pollutants prior to their discharge into the aquatic environment.
Various treatment techniques have been employed to remove phosphates, including precipitation, biological treatment and adsorption (Moriyama et . Among various commercially available methods, adsorption has been recognized as one of the most effective and appropriate methods for the removal of phosphate from water. Metal oxides were found to be effective for the adsorption of phosphate in previous studies (Zhang et al. ; Kang et al. ; Pan et al. ) . Among the metal oxides, rare earth compounds have been extensively developed as the adsorbents for hazardous anions from aqueous solutions. Tokunaga et al. () compared the removal of fluoride by various metal oxides, found that hydrous Ce(IV) oxide was most effective. Cerium oxide is considered to be a superior adsorbent due to its strong surface complexing ability for phosphate (Deng & () studied the adsorption of microcystins to a magnetic microsphere with a magnetic core and observed the fast removal of microcystins in water. Wang et al. () reported that an amino-functionalized core-shell magnetic nanomaterial showed high adsorption capability for heavy metals. However, most widely used magnetic sorbents are based on iron oxides and are vulnerable to leaching under acidic conditions. Moreover, functional groups on the coating layer to the magnetic nanoparticles are also vulnerable to acid treatment. SiO 2 , with a high specific surface area and low cytotoxicity, is a promising coating material and stable under acidic conditions (Qi et al. ; Wang & Zeng ) , and is suitable to be an ideal shell composite to protect the inner magnetite Fe 3 O 4 core. Therefore, an active moietyfunctionalized core-shell magnetic nanomaterial may exhibit high adsorption capacity for phosphate. However, to our best knowledge, thus far few studies (Wang et al. ) have been conducted.
The objective of this study is to verify the CeO 2 functionalized core-shell magnetic nanomaterial for adsorptive removal of phosphate in water. The adsorbent was prepared and characterized by X-ray diffraction (XRD), infrared spectroscopy, transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and by N 2 adsorption/ desorption isotherms. Phosphate adsorption to the adsorbents was investigated using batch experiments and adsorption kinetic tests. The impacts of pH and ionic strength on phosphate adsorption were also investigated. Results showed that Fe 3 O 4 @SiO 2 -CeO 2 is a promising sorbent for the removal of phosphate from water.
MATERIALS AND METHODS

Adsorbent preparation
The Fe 3 O 4 @SiO 2 nanoparticles were synthesized according to literature methods (Wang et al. ) . Briefly, 20 mmol of FeCl 2 .6H 2 O and 40 mmol of FeCl 3 .6H 2 O were dissolved in 100 mL of 0.5 M HCl solution. The resulting mixture was then added to 500 mL of 1.5 M NaOH solution with mechanical stirring under N 2 flow at 70 W C in a water bath for 3 h. 
Adsorbent characterization
XRD patterns of the samples were collected in a range of small angles from 0.5-60 W C with a Rigaku D/max-RA powder diffraction-meter (Rigaku, Japan) using Cu Kα radiation. TEM images of the samples were recorded with a JEM-200CX electron microscope. CeO 2 contents in the samples were determined on an ARL9800XP X-ray fluorescence (XRF) spectrometer. N 2 adsorption/desorption isotherms of samples were obtained on a Micrometrics ASAP 2020 (Micromeritics Instrument Co., USA) apparatus at À196 W C (77 K). Transmission Fourier transform infrared (FTIR) spectra of the nanoparticles were recorded on a Nicolet Nexus 870 FTIR spectrometer (Nicolet, USA). The XPS was conducted on a PHI5000 VersaProbe equipped with a monochromatized Al Ka excitation source (hv ¼ 1,486.6 eV) (ULVAC-PHI, Japan). The C1s peak (284.6 eV) was used for the calibration of binding energy. The magnetic properties were measured using a VSM (VSM 7410, Lake Shore, USA).
Adsorption
Batch adsorption experiments were performed using 40 mL glass vials equipped with polytetrafluoroethylene-lined screw caps. Vials received 20 mg of adsorbent and a full volume of the target phosphate concentrations. The initial pH of the aqueous solution was adjusted to 6.0 ± 0.2 with 0.01 M HCl and NaOH. The samples were displayed in an orbital shaker at 25 W C for 48 h. This period of time was sufficient enough to reach apparent adsorption equilibrium (no further uptake) based on kinetic measurements. After filtration using 0.45 μm filters, the residual phosphate concentration was determined using UV-vis spectrometry according to the molybdenum blue method with a detecting wavelength of 700 nm.
The equilibrium adsorption amounts of phosphate concentration were calculated according to the following equation:
where q e is the equilibrium adsorption amount, C 0 is the initial TA concentration, C e is the equilibrium concentration, V is the solution volume and M is the adsorbent mass. Separate sets of experiments were conducted to test the effects of pH, ionic strength on single-point adsorption on Fe 3 O 4 @SiO 2 -CeO 2 . In the pH experiments, the initial pH was preadjusted using 0.01 M HCl and NaOH to ensure the desired pH at adsorption equilibrium. The effect of ionic strength on phosphate adsorption to Fe 3 O 4 @SiO 2 -CeO 2 was investigated in the presence of NaCl, NaNO 3 and Na 2 SO 4 solutions with varied concentrations at pH 6.2 and 25 W C. All sorption experiments were conducted in duplicate. Phosphate adsorption kinetics were carried out with initial concentrations of 5.0 mg P · l À1 and 10 mg P · l À1 in 500 mL flasks with vigorous mechanical stirring in a thermostatic incubator at 25 W C. About 1 mL of sample was taken out from the flask at predetermined time intervals. The adsorbent was separated using 0.45 μm filters and the residual solute was determined.
To evaluate the reusability of the adsorbent, phosphate adsorption and regeneration of saturated sorbent under alkaline conditions were performed in four consecutive cycles. In each cycle, 5.0 mg P · l À1 in 50 ml of solution was mixed with 20 mg Fe 3 O 4 @SiO 2 -CeO 2 at 25 W C for 24 h. The sorbent was separated magnetically and the phosphate concentration of the supernatant was measured. The resultant sorbent was then regenerated by mixing with 50 ml of 1.0 M solution for 1 h. Prior to the next adsorption-desorption cycle, regenerated Fe 3 O 4 @SiO 2 -CeO 2 was washed thoroughly with deionized water up to pH 6.0 ± 0.2.
RESULTS AND DISCUSSION
Characterization of adsorbent Figure 2 , displaying the core-shell structure of Fe 3 O 4 @SiO 2 and Fe 3 O 4 @SiO 2 -CeO 2 particles. The magnetization curves measured for Fe 3 O 4 , Fe 3 O 4 @SiO 2 , and Fe 3 O 4 @SiO 2 -CeO 2 are compared in Figure 3 (a). For the three tested nanoparticles, both coercivity and remanence were not observed, reflecting that the three nanoparticles are super paramagnetic. The saturation magnetization value was measured to be 62.4, 29.7, and 23.1 emu g À1 for Fe 3 O 4 , Fe 3 O 4 @SiO 2 and Fe 3 O 4 @SiO 2 -CeO 2 , respectively, suggesting the saturation magnetization is decreased after silica coating on the surface of the Fe 3 O 4 core (Jia & Gao ) . However, complete magnetic separation of Fe 3 O 4 @SiO 2 -CeO 2 nanoparticles dispersed in aqueous solution was achieved in 2 min using a magnet near the vessels (see Figure 3(b) ).
The FTIR spectrum of Fe 3 O 4 @SiO 2 and Fe 3 O 4 @SiO 2 -CeO 2 is displayed in Figure 4 . For the two nanoparticles, strong bands around absorption peaks at 565 cm À1 were observed, corresponding to the Fe-O vibration from the magnetite phase (Yamaura et al. ) . The absorption bands at 1,094, 804 and 471 cm À1 observed on Fe 3 O 4 @SiO 2 and Fe 3 O 4 @SiO 2 -CeO 2 can be ascribed to the stretching and deformation vibrations of SiO 2 , reflecting the coating of silica on the magnetite surface. While the band around 1,450 cm À1 is the OH group of hydrous cerium (Guo et al. ) . The XPS spectrum of Fe 3 O 4 @SiO 2 -CeO 2 is displayed in Figure 5 . Clearly, threepeaks were found in Figure 5 , suggesting the successful functionalization of CeO 2 . Brunauer-Emmett-Teller (BET) surface areas and pore volumes of the samples are listed in Table 1 .
Adsorption kinetics
Phosphate adsorption on Fe 3 O 4 @SiO 2 -CeO 2 with varied initial concentrations is displayed in Figure 6 . Clearly, phosphate adsorption amounts on Fe 3 O 4 @SiO 2 -CeO 2 increased rapidly in the initial 100 min and slowly in the subsequent 200 min. In addition, phosphate adsorption reached equilibrium within approximately 400 min for different initial phosphate concentrations.
To evaluate the mass transfer process during phosphate adsorption, pseudo-first-order and pseudo-second-order kinetic models were applied (Trivedi et al. ; Ho & McKay ) .
The pseudo-first-order kinetics can be expressed as follows:
log (q e À qt) ¼ log (q e ) À k 1 t 2:303
(2)
The pseudo-second-order kinetics model can be expressed as:
where q e is the equilibrium adsorbed concentration (mg P · g À1 ), q t is the adsorbed concentration amount (mg P g À1 ) at time t, k 1 (min À1 ) and k 2 (g mg À1 min À1 ) are the pseudo-first order rate constant and the pseudo-second order rate constant respectively. The fitting results based on the pseudo-first-order kinetics and pseudo-second-order kinetics are compared in Figure 7 and the fitting parameters are displayed in Table 2 . As shown in Figure 7(b) , the plot of t/q t versus t presented a linear relation with higher R 2 (0.99), suggesting that the pseudo-second-order kinetic model could well depict the phosphate adsorption process to Fe 3 O 4 @SiO 2 -CeO 2 . Additionally, the q e values calculated from the slopes of t/q t versus t plots were found to be in good agreement with the experimental q exp values, further confirming that the adsorption of phosphate onto the adsorbent obeyed pseudo-second-order kinetics. The adsorption rate constants were calculated to be 1.96 × 10 À3 and 1.12 × 10 À3 g mg À1 min À1 for phosphate adsorption with initial concentrations of 5 and 10.0 mg P · l À1 , respectively, indicative of slower phosphate adsorption at a higher initial concentration. Total pore volume, determined at P/P0 ¼ 0.97.
Adsorption isotherms
The isotherms of phosphate adsorption on the sorbents are presented in Figure 8 . Clearly, Fe 3 O 4 @SiO 2 exhibited nearly no phosphate adsorption, suggesting that the silicacoated shell had very low affinity for phosphate adsorption. In comparison with Fe 3 O 4 @SiO 2 , the synthesized Fe 3 O 4-@SiO 2 -CeO 2 nanoparticles exhibited very strong adsorption affinity for the phosphate, reflecting that CeO 2 was an active species for phosphate adsorption. The adsorption data were further fitted to the Langmuir model according to the equation:
where q e (mg P · g À1 ) and Ce (mg P · l À1 ) are the adsorbed concentration and aqueous concentration at adsorption equilibrium; q m (mg P · g À1 ) is the adsorption capacity, and b is the is the affinity coefficient. The Langmuir model fits the adsorption data reasonably; the fitting parameters are summarized in Table 3 . Phosphate adsorption on the adsorbents could be well described by the Langmuir adsorption model with R 2 higher than 0.99, indicative of the monolayer adsorption on the adsorbent surface.
Effect of solution pH and ionic strength
The impact of solution pH on phosphate adsorption to Fe 3 O 4 @SiO 2 -CeO 2 is presented in Figure 9 . Clearly, the adsorption amount of phosphate decreased gradually with the increasing pH in the tested pH range. As the pH was increased from 2.0 to 11.0, the adsorption amount decreased from 36.2 to 13.5 mg P · g À1 . The effect of pH on phosphate adsorption can be explained by a ligand exchange mechanism and electrostatic interaction between phosphate and the adsorbent. In the pH range (3-11), phosphate presented in anionic forms (e.g., HPO 2À 4 and H 2 PO À 4 ), which could connect with the metal ions through a coordination bond, the related chemical reaction equation as follows:
The observation also implies that the pH-mediated protonation or deprotonation of the surface CeO 2 has a significant effect on phosphate adsorption. The point of zero charge of Fe 3 O 4 @SiO 2 -CeO 2 is around 5.0 measured by the acid-base titration method (Zhang et al. ) . was positively charged at pH below 5.0, but negatively charged at solution pH above the PZC. Therefore, anionic phosphate can be effectively adsorbed by positively charged Ce-OH groups by attractive electrostatic interactions at low pH. However, increasing pH leads to the formation of negatively charged Zr-OH groups by deprotonation, invoking repulsive electrostatic interaction resulting in decreased phosphate adsorption. Additionally, OH À may compete with phosphate for surface adsorption sites at high pH, also decreasing phosphate adsorption at alkaline pH. The effect of pH for phosphate adsorption suggests that the adsorbent can be regenerated under basic conditions (see next section). The effect of ionic strength on phosphate adsorption is presented in Figure 10 . Three selected salt solutions with different anions exhibited similar impacts on phosphate adsorption. At low ionic concentration, increasing ionic strength enhanced phosphate adsorption, while further increasing ionic strength, the amount of phosphate adsorption enhancement is slight, reflecting the surface complexation mechanism for phosphate adsorption on Fe 3 O 4 @SiO 2 -CeO 2 (McBride ).
Regeneration and reuse of the adsorbent
Phosphate desorption from the saturated adsorbent was carried out using 0.1 mol/L NaOH solution, due to the fact that adsorption of phosphate at high pH is substantially suppressed. The results are presented in Figure 11 . Clearly, after two adsorption-desorption cycles, phosphate adsorption decreased from 10.8 to 4.8 mg Pg À1 , which may be caused by CeO 2 leaching during the adsorption-desorption cycles or to the existence of irreversible adsorption sites on the sorbent. However, phosphate adsorption remained nearly constant within the next two cycles. Therefore, Fe 3 O4@SiO 2 -CeO 2 is stable and reusable for adsorption of phosphate as the sorbent could be effectively separated and recovered by an external magnetic field after four consecutive adsorption-desorption cycles.
CONCLUSIONS
In the present study, Fe 3 O 4 @SiO 2 -CeO 2 was prepared using the post-grafting method and phosphate adsorption over this adsorbent was investigated. Characterization results show that CeO 2 was successfully grafted on samples . Phosphate adsorption isotherms over Fe 3 O 4 @SiO 2 -CeO 2 can be well described by the Langmuir model, and the adsorption kinetics followed pseudo-second-order kinetics. Phosphate adsorption was substantially suppressed with increasing pH due to the repulsive interaction between the phosphate anion and the adsorbent. In addition, phosphate adsorption slightly increased with ionic strength, reflecting an adsorption mechanism of a surface complexation model. The findings in this study highlight the potential of Fe 3 O 4 @SiO 2 -CeO 2 as an effective and recoverable adsorbent for the removal of phosphate in water treatment. 
